Stratigraphic information from strontium, oxygen, and carbon isotopic ratios has been integrated with diatom and planktonic foraminifer datums to refine the Oligocene to early Miocene chemostratigraphy of Site 803. The Sr isotope results are based on analyses of mixed species of planktonic foraminifer and bulk carbonate samples. 87 Sr/ 86 Sr ratios of bulk carbonate samples are, in most cases, less radiogenic than contemporaneous seawater. Estimated sediment ages based on planktonic foraminifer Sr/ 86 Sr ratios, using the Sr-isotope-age relation determined by Hess and others in 1989, are in moderately good agreement with the biostratigraphic ages. Chronological resolution is significantly enhanced with the correlation of oxygen and carbon isotope records to those of the standard Oligocene section tied to the Geomagnetic Polarity Time Scale at Site 522. Ages revised by this method and other published ages of planktonic foraminifer datums are used to revise the Oligocene stratigraphy of Site 77 to correlate the stable isotope records of Sites 77 and 803.
INTRODUCTION
One of the objectives of Ocean Drilling Program (ODP) Leg 130 was the documentation of major global climatic events and paleoceanographic changes in Pacific deep waters during the Neogene and Paleogene. Five sites (Sites 803-807) were drilled in a depth transect on the northeastern side of the Ontong Java Plateau (Fig. 1) . The plateau was located in the southern middle latitudes during the Cretaceous, but it had migrated to near the equator by Oligocene time (Hammond et al., 1975) . High carbonate flux and sedimentation rates during the late Paleogene and Neogene provide expanded sedimentary records and the opportunity for detailed studies of oceanographic events. The deep-water Site 803 (latitude 2°26.0'N, longitude 160°32.4'E), located in 3410 m of water, is the only Leg 130 drill hole with nearly complete recovery of a thick section (about 200 m) of Oligocene sediments. A thicker (-300 m) Oligocene section at water depths of 2200 m on the crest of the plateau had been recovered during Deep Sea Drilling Project (DSDP) Leg 30 at Site 289. However, unlike the section at Site 803, this section contains a major hiatus spanning from the late Eocene into the early Oligocene. In this report, we use oxygen and carbon isotope ratios of the benthic foraminifer genus Cibicidoides spp. from Site 803 to reconstruct the evolution of deep waters at this location during the Oligocene. Strontium (Sr) isotope ratios of planktonic foraminifer and bulk carbonate samples have been integrated with benthic foraminifer stable isotope results and biostratigraphic data to develop an Oligocene chemostratigraphy for Site 803.
It has been suggested that, before high-latitude cooling occurred, deep and bottom waters formed by the sinking of warm saline plumes produced by evaporation in low-and mid-latitude shelf areas (Chamberlain, 1906; Brass et al., 1982) . Recently, Kennett and Stott (1990) have suggested that Eocene and Oligocene deep-water circulation may have been substantially different from that of the late Neogene. They propose, based on benthic foraminifer δ 18 θ values from two sites in the southern South Atlantic, that deep waters at intermediate depths were of Antarctic origin and colder than deeper waters that originated in the low latitudes. Barrera and Huber (1991) noted that, after the earliest Oligocene positive δ 18 θ shift, benthic foraminifer records between 2000 and 3000 m water depths from high-latitude sites are offset by ~0.5‰ from those of lower latitude Pacific and Atlantic sites. They also suggest that Oligocene thermohaline circulation must have been different from the present and that lower latitude deep waters may have been mixtures of waters from at least two sources. The isotopic data of Site 803 generated in this study permit us to explore this possibility further. The paleodepth of Site 803 has been estimated at about 2000 m during the earliest Oligocene using normal subsidence rates for oceanic crust (Detrick et al., 1977) . In this study, comparison of the isotopic records of Site 803 with those of central equatorial Pacific DSDP Sites 77 and 574 at paleodepths between 2600 and 3100 m reveals significantly higher δ 18 θ values in the shallower water site between Ma. Assuming that the paleodepth estimate of Detrick et al. (1977) is correct, we suggest that the apparent inversion of the vertical δ 18 θ gradient relative to Neogene oceanic patterns may reflect warmer and saline waters below 2600 m capped by colder deep waters.
Before drawing inferences from the stable isotopic records, we developed a chemobiostratigraphy for the Oligocene-lower Miocene section at Site 803. This was done based on estimated sediment ages from (1) planktonic foraminifer 87 Sr/ 86 Sr ratios using the Srisotope-age relation of Hess et al. (1989) ; (2) ages of planktonic foraminifer (Leckie, this volume) and nannofossil (Backman, this volume) datums according to the chronology of Berggren et al. (1985) ; and (3) correlation of stable isotope records of Sites 803 with those of DSDP Site 522, which is tied to the Geomagnetic Polarity Time Scale (GPTS). In Oligocene sections, high chronological control from the biostratigraphy alone is difficult because biozonations are relatively long. Moreover, biostratigraphic datums can exhibit considerable diachroneity across latitude and longitude (Keller, 1983) . This difficulty can, in part, be overcome using an integrated stratigraphy based on faunal and floral datums, and stable oxygen and carbon, and Sr isotopes. The Sr-isotope technique is a powerful tool for correlation of Oligocene deep-sea sequences because the residence of Sr in seawater is several million years, but the 87 Sr/ 86 Sr ratio of seawater changed rapidly and nearly monotonically in the Oligocene and early Miocene (Burke et al., 1982) . Stable isotope records of benthic foraminifers from globally distributed sequences show pronounced and apparently synchronous variations during the Oligocene. Correlation of isotopic variations among sites provides an independent chronological control. The integration of Sr-isotope data with stable isotope and biostratigraphic data has allowed more precise absolute dating of this section than the use of one of these techniques alone.
BACKGROUND

Strontium Isotopes
The 87 Sr/ 86 Sr ratio of seawater is determined by the proportion of Sr entering the ocean from three sources that have very characteristic ratios: the fluvial or weathering flux, the hydrothermal flux, and the diagenetic flux of Sr from deep-sea sediments (Elderfield, 1986) . Because the residence time of Sr in the ocean has been estimated at about 5 m.y., whereas the ocean mixes in approximately 1000 yr (Broecker and Peng, 1982) , the 87 Sr/ 86 Sr ratio of seawater is uniform at a given time. Burke et al. (1982) published the first detailed record for the Cenozoic and the entire Phanerozoic from analyses of bulk samples, which included carbonates, evaporites, and phosphates. From these data, it was evident that rapid and apparent monotonic increase in seawater 87 Sr/ 86 Sr occurred in the second half of the Cenozoic, with little variation in the older part of the Cenozoic. Further refinement of the Cenozoic record has revealed that the highest chronologic resolution can be obtained with samples from Oligocene and early Miocene time because of the rapid rate of increase in the 87 Sr/ 86 Sr ratio of the oceans during that time (DePaolo and Ingram, 1985; Palmer and Elderfield, 1985; DePaolo, 1986; Hess et al., 1986; Miller et al., 1988) . The first two 87 Sr/ 86 Sr records calibrated directly to the GPTS were those for the Oligocene sections of Contessa Quarry (DePaolo and Ingram, 1986) and DSDP Site 522 (Miller et al., 1988) . Recently, Hess et al. (1989) have presented '"Sr/^Sr data of well-preserved planktonic foraminifers from the lower Miocene and Oligocene sections at DSDP Sites 516 and 563, which are two of the four sites with magnetostratigraphy on which Berggren et al. (1985) elaborated their magnetobiostratigraphic model. The data from these two sites reveal that the rate of change of 87 Sr/ 86 Sr increased at about 27 Ma and did not vary during the rest of the late Oligocene and early Miocene, as previously suggested by Miller et al. (1988) . Equations derived from the two relations of 87 Sr/ 86 Sr and age have been used by Hess et al. (1989) to estimate ages of sediments at Pacific DSDP Sites 77, 292, and 593 and Atlantic DSDP Site 529 (without magnetostratigraphy), and to determine from these data the synchroneity of biostratigraphic datums oceanwide across longitude.
Some of the above studies generated 87 Sr/ 86 Sr records based on analyses of bulk carbonate (Burke et al., 1982; DePaolo, 1986) , whereas more recent studies have analyzed foraminifers Palmer and Elderfield, 1985; Hess et al., 1986; Miller et al., 1988; Capo and DePaolo, 1990; DePaolo and Finger, 1991) . No comparisons have been made between Sr-isotope data from foraminifers and bulk carbonates from the same sequence, although this is important for the evaluation of results from sections where the low abundance of foraminifers precludes their analysis. It is possible that a significant difference exists between the Sr-isotope ratios of foraminifers and bulk carbonate components resulting from differential diagenetic alteration and exchange with pore waters, which would give rise to differences in inferred sediment ages (Richter and De-Paolo, 1987) . In this study, we compare these data and find the results from the foraminifer analyses to be more reliable.
Oxygen and Carbon Isotopes
Stratigraphic correlations using oxygen and carbon isotope compositions of biogenic carbonate have been successfully applied to many deep-sea sequences (Miller and Thomas, 1985; Miller et al., , 1988 . This technique, which depends upon matching patterns of δ 13 C and δ 18 θ change, is particularly suitable for Oligocene sediments because stable isotope records of benthic foraminifers from sequences at Pacific, Atlantic, and Indian ocean deep-sea sites show pronounced synchronous variations. A ubiquitous increase in benthic foraminifer δ 18 θ values of about l‰ to 1.5‰ has been observed in the earliest Oligocene within Chron C13N in sediments dated between 35.9 and 35.5 Ma at Site 522 (Poore and Matthews, 1984; Oberhánsli et al., 1984; Miller et al., 1988) and at ODP Site 744 (Barrera and Huber, 1991; . This isotopic event is interpreted to reflect both high-latitude cooling and increased ice volume (Keigwin, 1980; Keigwin and Keller, 1984; Miller and Thomas, 1985; Keigwin and Corliss, 1986) . After the earliest Oligocene δ 18 θ increase, the record of ODP Sites 689 and 744 shows that deep-water benthic foraminifer δ 18 θ in the southern high latitudes remained relatively high during the early Oligocene, whereas benthic foraminifer δ 18 θ values from the lower latitude sites (i.e., Site 522) decreased and remained low for most of the Oligocene (Barrera and Huber, 1991) . In the middle Oligocene, δ 18 θ values increased at both high-and low-latitude locations in sediments corresponding to Magnetochrons Cll and C9 (Miller et al., 1988) . This isotopic increase has also been interpreted to reflect increased ice volume (Keigwin and Keller, 1984; Miller and Thomas, 1985; Miller et al., 1987) . At most sites, this event is not recorded because of a hiatus or interval of carbonate dissolution (Keller et al., 1987; .
Oligocene and early Miocene δ 13 C trends in benthic foraminifers are global and are likewise observed in planktonic foraminifer data (Shackleton and Hall, 1984) . In the early Oligocene, benthic foraminifer δ 13 C values at many sites increased sharply, coinciding with the δ 18 θ shift (Oberhánsli et al., 1984; Miller et al., 1987; Barrera and Huber, 1991) . Following this event, δ 13 C values progressively decreased during the early Oligocene to attain the lowest values in the middle Oligocene (Miller et al., 1988) . In the latest Oligocene, both δ 13 C and δ 18 θ values increased rapidly just preceding the first appearance of Globorotalia kugleri, which marks the Oligocene/Miocene boundary, and then decreased sharply in the earliest Miocene (Miller and Fairbanks, 1985; Miller et al., , 1988 . This event has been estimated between 23.5 and 24.3 Ma (Miller et al., 1988) .
MATERIALS AND METHODS
Sediment samples (~5 cm 3 volume) were divided into two portions. A sediment portion (~l mg) of bulk carbonate was dried in an oven for 24 hr and reserved for Sr-isotope analysis. The remainder of the sample was disaggregated in tap water, washed over a 150-µm screen, collected in filter paper, and dried in an oven at <50°C. Samples for Sr-isotope analysis and Ca, Sr, and Mg concentrations consisted of specimens >150 µm of mixed species of planktonic foraminifers. Individual planktonic foraminifer species were not analyzed because the number of specimens was too low in most samples. Oxygen and carbon isotope analyses were of specimens >150 µm of the benthic foraminifer genus Cibicidoides.
Foraminifer tests were fractured with a sharp needle, and adhering or infilling fine-grained material was removed by ultrasonic agitation of test fragments in distilled water. After each rinse, the supernatant was pipetted out. The effectiveness of the procedure was verified with observations of chamber surfaces under the binocular microscope. Measurement of Sr, Mg, and Ca elemental concentrations were conducted at the Inorganic Geochemistry Laboratory of the University of Michigan (Ann Arbor, MI). Dry samples between 100 and 50 µg were reacted with 10% HC1, and the solution was analyzed by simultaneous mode in a Leemans Lab Inc. Plasma-Spec (ICP-AES) III Model. The precision of duplicate samples was better than 5%.
Sr-isotope analyses of most bulk carbonate samples were performed at the Mobil Research and Development Corporation (Dallas, TX) following the procedures described in Koepnick et al. (1990) . Sr-isotope analyses of all the foraminifer samples and a few bulk carbonate were conducted at Washington University (St. Louis, MI) according to the techniques outlined in Podosek et al. (1991) . Sr-isotope ratios (Table 1 ) from both laboratories are normalized relative to a value of 0.71014 for the NBS-987 standard. The analytical uncertainty of the measurements are 2σ (Table 1) . For comparison of data from these laboratories, we follow the delta (δ) notation proposed by Hessetal. (1986), in which and the 87 Sr/ 86 Sr seawater is the strontium isotope composition of modern seawater. The ratio of modern seawater is 0.709073 at the Mobil laboratory, and 0.709067 at Washington University. The δ values are 100,000 deviations from modern seawater. Absolute ages for Site 803 were calculated using the equation of Hess et al. (1989) : t = -0.24742 δ 87 for samples older than 27 Ma (between δ 87 Sr =195.4 to -152.0) and, t = -0.14359 δ 87 Sr + 4.92651 for samples younger than 27 Ma (between δ 87 Sr = -152.0 to -84.3). Age uncertainty is ±0.38 m.y. for the first equation and ±0.31 m.y. for the second equation, assuming an analytical uncertainty of 2-3 units of the δ 87 Sr value (Hess et al., 1989) .
Oxygen and carbon isotope ratios of species of Cibicidoides were measured at the Stable Isotope Laboratory of the University of Michigan. Before being analyzed samples were roasted at 380°C for 1 hr to remove volatile organic contaminants. Analyses are reported in δ notation as per mil deviations from the Peedee Belemnite (PDB) standard. Samples were reacted individually at 73°C in an automated Kiel carbonate extraction system coupled directly to a Finnigan 251 mass spectrometer. Isotopic measurements were made relative to a laboratory standard CO 2 , which is calibrated to international standards through analysis of NBS-18, NBS-19, and NBS-20 powdered carbonate standards. Standard replicates have a precision of ±0.05%e for δ 18 θ and δ 13 C. The δ 18 θ values of modern specimens of the genus Cibicidoides appear to depart from equilibrium values by about 0.5‰ -0.65‰, whereas δ 13 C values appear to reflect that of the dissolved total CO 2 in seawater (Belanger et al., 1981; Graham et al., 1981) .
SITE LITHOLOGY
At Hole 803D, sediments in the lower Miocene to Oligocene section are nannofossil chalk and nannofossil chalk with foraminifers, varying in carbonate abundance between approximately 95% and 85%. The transition from ooze to chalk occurs at shallower depths (about 217 m) within middle Miocene sediments. In the lower Miocene to Oligocene part of the section, the relative abundance of either biogenic silica or foraminifers is only a few percent. The relative abundance of diatoms does not increase significantly with depth, but the preservation of the assemblage decreases in the deeper and more indurated sediments. In contrast, foraminifer abundance increases to values higher than 10% in the lowermost part of the sequence (Cores 130-803D-57X through -59X; -525-554 mbsf), spanning the Eocene-Oligocene transition. Throughout the entire section, the content of clay and other nonbiogenic components is negligible (Shipboard Scientific Party, 1991).
PRESERVATION OF BIOGENIC CALCITE AND ISOTOPIC RATIOS
Dissolution and reprecipitation processes in biogenic calcite can significantly modify the original Sr-isotope composition if pore waters have received Sr from a source with a 87 Sr/ 86 Sr ratio very different from that of the calcite. Secondary calcite replacement in pore waters with 87 Sr/ 86 Sr ratios similar to those of coexisting calcite will cause little or no modification of the original calcite 87 Sr/ 86 Sr ratio. However, interstitial waters with ratios different from the coexisting carbonate can result from Sr input from (1) underlying basalt, (2) continental detritus or clay components with higher 87 Sr/ 86 Sr, (3) volcanic ash and glass with relatively low 87 Sr/ 86 Sr ratios Gieskes et al., 1986) , and (4) vertical migration of pore waters from older or younger carbonates within the sedimentary column. Consequently, in the assessment of the preservation of the original calcite 87 Sr/ 86 Sr ratio, data on the 87 Sr/ 86 Sr ratio of pore waters are important if evidence is present of recrystallization. Unfortunately, such data are not available for Site 803.
The amount of secondary replacement or recrystallization in foraminifer tests can be evaluated by scanning electron microscope (SEM) inspection of the wall surfaces and microstructure. Preservation of foraminifer and nannofossil chemistry has also been inferred from Sr/Ca ratios of pore waters and/or the foraminifer/nannofossil carbonate . According to the experimentally determined distribution coefficient of Sr, inorganically precipitated calcite has lower Sr/Ca ratios than biologically precipitated calcite (Katz et al., 1972; Baker et al., 1982; Carpenter and Lohmann, in press ). Consequently, it is commonly inferred that Sr/Ca ratios of foraminifer tests or nannofossil skeletons close to those measured in well-preserved specimens indicate little or no diagenetic alteration by dissolution-reprecipitation processes (Hess etal., 1986 (Hess etal., ,1989 .
The SEM observations of planktonic and benthic foraminifer specimens in the lower Miocene-Oligocene section at Site 803 indicate that the amount of secondary calcite, as evidenced by the presence of small euhedral crystals on interior surfaces and on the wall microstructure, appears to be volumetrically small in relation to the whole. This is particularly the case for specimens of the benthic foraminifer Cibicidoides. Preservation of planktonic foraminifer tests was poor in samples from Core 135-803D-58X and below, but no measurements were made in this interval. The Sr/Ca ratios of mixed planktonic foraminifer samples range from 1.45 to 1.16 mM/M (Table 1) with no distinctive trend. These values are either slightly lower or in the range of those measured in modern planktonic foraminifers from tropical regions (Delaney et al., 1985) , suggesting either minor or no modification of planktonic foraminifer Sr concentrations. The Sr/Ca ratios of bulk carbonate sediments at Site 803 have been measured by Delaney and Linn (this volume). These ratios are more variable and, on average, are significantly higher than those of mixed species of planktonic foraminifers. They range between 1.4 and 1.82 mM/M. Such a composition is expected as nannofossils, which are the most abundant constituent in these sediments, have higher Sr concentrations by about 200 ppm than foraminifers (Morrow and Mayers, 1978) . Moreover, Delaney and Linn (this volume) report that Sr/Ca ratios of bulk carbonates from Leg 130 sites, including Site 803, vary as a function of sediment age and exhibit the same pattern as that of well-preserved planktonic foraminifers for the last 40 m.y. (Graham et al., 1982) . Based on these observations, Delaney and Linn (this volume) have concluded that measured bulk carbonate Sr/Ca ratios at these sites reflect primary carbonate chemistries. Nevertheless, 87 Sr/ 86 Sr ratios of foraminifers and bulk carbonate discussed below show significant discrepancies at various levels at Site 803 ( Fig. 2 and Table 1 ). This indicates that either one, or in some instances both, of these carbonate components have incorporated Sr from sediment sources with Sr-isotope compositions different from that of contemporaneous seawater. The high percentage of insoluble residues after the dissolution of bulk carbonate samples (Table 1) makes these data suspect. Some samples could have incorporated Sr from the noncarbonate sources (Koepnick et al., 1990) . The consistency of the planktonic foraminifer 87 Sr/ 86 Sr results and the apparent lack of textural evidence for major secondary calcite replacement features suggest that foraminifer data reflect contemporaneous seawater more closely.
No textural evidence is present to suggest that δ 18 θ compositions of Cibicidoides have been greatly affected by diagenetic processes. The similarity of Site 803 data with 5 18 O trends from other sites argues that they primarily reflect paleoceanographic conditions. Cibicidoides δ 13 C compositions, which are significantly less affected by diagenetic processes in sediments with negligible organic matter as at Site 803, exhibit close similarity to records of the same age from other deep-sea sites. The good agreement between the stable isotopic records of the various sites is used below to refine the biostratigraphy and infer paleoceanographic conditions at Site 803.
RESULTS AND DISCUSSION
Sr-isotope Results
The 87 Sr/ 86 Sr ratios and oxygen and carbon isotope data are listed in Table 1 . Planktonic foraminifer 87 Sr/ 86 Sr ratios of Site 803 consistently increase with decreasing sample depth and age (Fig. 2) . This pattern is typical of deep-sea sedimentary sequences of this age that have not been extensively affected by reworking or dissolution and reprecipitation processes (Hess et al., 1989) . In spite of the small number of foraminifer samples, it is apparent that the increase in 87 Sr/ 86 Sr ratios is greater in the upper Oligocene part of the section than in the lower Oligocene, which is analogous to that observed at other deep-sea sequences (Hess et al., 1989) . Although the general trend in bulk carbonate 87 Sr/ 86 Sr ratios is similar, several reversals are present, and ratios for the most part are about the same or lower than those of foraminifers.
Ages estimates for sediments as a function of depth based on Site 803 87 Sr/ 86 Sr and using the Sr isotope-age equations of Hess et al. (1989) are shown in Figure 2B . The solid line represents sediment ages based on planktonic foraminifer and nannofossil datums in Table  2 (Leckie, this volume; Backman, this volume) and are tied to the magnetostratigraphic scheme of Berggren et al. (1985) . Estimated ages based on planktonic foraminifer 87 Sr/ 86 Sr ratios at 313 and 318 mbsf are in good agreement with biostratigraphic ages, indicating that sediments at this level are lowermost Miocene. The only instance when planktonic foraminifer and bulk carbonate 87 Sr/ 86 Sr yield significantly younger sediment ages than those inferred by biostratigraphy is for samples in the interval from about 380 to 391 mbsf. Reworking of younger microfossils into older sediments could explain the younger ages, but no micropaleontological evidence exists to support this scenario (Leckie, this volume). Planktonic foraminifer 87 Sr/ 86 Sr ratios exhibit little or no variation in the interval from 404 to 433 mbsf, considering the analytical uncertainty in the measurements. Bulk carbonate samples in this interval are close to foraminifer values, suggesting that they may reflect contemporaneous seawater 87 87 Sr/ 86 Sr ratios of mixed planktonic foraminifer and bulk carbonate samples plotted vs. depth in the sediment at Hole 803D. The small horizontal line through the data points represents the standard deviation of the measurements. The solid line connects bulk carbonate data. B. Age vs. depth plot of the Oligocene sections cored using Sr isotopes and biostratigraphic events at Hole 803D. The solid line is interpolated between the foraminifer and nannofossil datums (Leckie, this volume; Backman, this volume). The ages of Site 803 87 Sr/ 86 Sr samples were estimated using the Sr-isotope-age equations of Hess et al. (1989) . The small horizontal line through the data points represents uncertainty in estimated ages, resulting from the standard deviation of the measurement. 87 Sr/ 86 Sr to a large extent. However, estimated ages based on the Sr-isotope-age equation of Hess et al. (1989) would indicate that this thickness of sediments was deposited between about 30 and 30.5 Ma. We suggest as a possible explanation a low rate of 87 Sr/ 86 Sr change from about 28 to 30.5 Ma, based on our examination of the data of Sites 516 (Hess etal., 1989) and 522 (Miller etal., 1988) . The apparent pattern of isotopic changes in this time interval may also be complicated by reduced sedimentation at most deep-sea sites, which is discussed in more detail below. At Hole 803D biostratigraphic control in this part of the section is poor, as provided by one calcareous data point, the last appearance datum (LAD) of Chiloguembelina cubensis, which has an assigned age of 30 Ma (Berggren etal., 1985) .Leckie (this volume) marks this level as the last "common" abundance of this taxon (-424 mbsf) because he found specimens of this species higher up in the section into upper Oligocene sediments. Moreover, biostratigraphic data suggest that a hiatus or interval of reduced sedimentation may exist between 435 and 428 mbsf (Leckie, this volume). In this interval, about 1.5 m.y. of the record could be represented. Planktonic foraminifer 87 Sr/ 86 Sr ratios at and near this level do not conflict with this interpretation. In the lower Oligocene part of the section, inferred sediment ages from planktonic foraminifer 87 Sr/ 86 Sr do not deviate significantly from those estimated from the biostratigraphy.
Stable Isotope Results
Refinement of the stratigraphy of the Oligocene section at Site 803 can be achieved with the integration of the stable isotope records. The δ 18 θ and 5 13 C records of Cibicidoides relative to sediment depth are shown in Figure 3 . These records are compared with those of Site 522 in Figure 4 and Site 77 in Figure 5 . Correlation with the isotopic results of Site 522, which have been tied to the GPTS, permits more accurate age assignments. Resulting ages are, for the most part, in good agreement with the biostratigraphy (Fig. 3C) . Estimated sediment ages for Site 77 are based on planktonic foraminifer datums (Keller, 1983, and pers. comm., 1991) , with ages assigned according to the chemobiostratigraphy of Site 803.
The ubiquitous early Oligocene event of high δ 18 θ values has been reported in sediments normally magnetized in Chron C13N and has been dated between 35.9 and 35.7 Ma (Oberhànsli and Toumarkine, 1985; Miller et al., 1988; Barrera and Huber, 1991; Bairera et al., 1991) . The δ 18 θ event coincides with an increase in benthic foraminifer δ 13 C values that at Site 522 has been estimated to occur between about 35.3 and 35.9 Ma (Fig. 4 ; Miller et al., 1988) . At Hole 803D, the early Oligocene δ 18 θ increase of about 1.5‰ occurs in sediments between 545 and 535 mbsf, indicating that the upper level 90-342.50 360.66-361.82 365.20-366.20 381.24-384.78 385.70-386.20 422.81^25.81 435.48^36.20 477.45^80.56 480.56-481.42 502.92-506.63 511.40-516.50 522.70-525.80 530.60-534.70 535.30-545.10 535.86-544.74 535.86-544.74 Notes: FO = first occurrence and LO = last occurrence.
Foraminifer datums from Leckie (this volume), and nannofossil datums from Backman (this volume). We found foraminifer datums in better agreement with the stable isotope stratigraphy of Site 803 than nannofossil datums. cannot be older than 35.9 Ma (Fig. 3 ). An increase in δ 13 C values is apparent in sediments between about 535 and 525 mbsf, providing an estimate for these sediments of approximately 35.9 to 35.3 Ma. These results suggest that the LAD of the planktonic foraminifer Pseudohastigerina spp. (at about 504 mbsf at Hole 803D; Leckie, this volume) in the equatorial Pacific is older than the age of 34 Ma assigned by Berggren et al. (1985) and certainly younger than the age of 35.6 Ma inferred by Hess et al. (1989) from the Sr-isotope data of Site 77 and DSDP Site 292.
In deep-sea sections, benthic foraminifer δ 13 C values begin to decrease at about 35 Ma, reaching low values in the late early and early late Oligocene (Fig. 4) . The interval of δ 13 C minima roughly corresponds with one or possibly two excursions of high δ 18 θ values observed in benthic foraminifer records from sediments deposited between 32 and 28 Ma. At Site 803, Cibicidoides δ 13 C decrease in the lower Oligocene and reach minima between 400 and 455 mbsf, corresponding to inferred ages between about 29 and 32 Ma (Figs.  3 and 4) . The δ 18 θ values decrease slightly in the early Oligocene after the earliest Oligocene δ 18 θ event and have, on average, higher values in the late Oligocene. The absence of an apparent δ 18 θ maxima in the middle Oligocene of Site 803, unlike those observed in the deeper water Pacific Sites 77 and 574, may be partially a result of hiatuses or oceanographic conditions discussed below. Carbonate dissolution is noted at various levels within this interval (Leckie, this volume). Keller et al. (1987) have identified two widespread deepsea hiatuses estimated at 28.1-29.2 Ma (Hiatus PHaa) and 30.3-31.4 Ma (Hiatus PHb). Intense dissolution and poor recovery characterize the early/late Oligocene boundary interval (Magnetochrons C11 and C10) at Sites 563 and 522 (Fig. 4) . Therefore, age assignments in this interval at most sites are uncertain. Nevertheless, Pacific sites appear to have a relatively complete sedimentary record across the early-late Oligocene transition, probably reflecting either higher accumulation rates and/or a lowering of the carbonate compensation depth (CCD) (Van Andel et al., 1975; Keller et al., 1987) .
Cibicidoides δ 13 C values increase sharply between -323 and 321 mbsf and decline markedly just above this upper level ( Figs. 3 and 4) . The rise in δ 13 C coincides with an abrupt increase in δ 18 θ values at many deep-sea sites that is not as well defined at Site 803. Good age controls in this part of the section are provided by foraminifer datums and Sr-isotope ratios, which assign them an earliest Miocene age. The first appearance of Globorotalia kugleri (321 mbsf; Leckie, this volume), which marks the Oligocene/Miocene boundary , occurred during the sharp increase in isotopic values. These events have been similarly correlated at Atlantic DSDP Sites 366, 529, 558, 563, and 567 (Miller and Fairbanks, 1985; Miller et al., 1988) , implying that the first appearance of G. kugleri in tropical waters is synchronous across longitude and does not take place about 1.5 m.y. earlier in the equatorial Pacific than in the Atlantic, as suggested by Hess et al. (1989) from Sr-isotope data at Site 77. Kennett and Stott (1990) have recently suggested, based on benthic foraminifer δ 18 θ values from two sites in the southernmost Atlantic, that Eocene and Oligocene deep-water circulation may have been substantially different from that of the late Neogene. They proposed, based on the lower δ 18 θ values of the deeper Site 690 (-2000 m) relative to those in the shallower Site 689 (-1400 m), that warm and saline deep waters produced in lower latitudes were capped by colder and less saline waters of Antarctic origin. A recently completed isotopic study of two other sites (ODP Sites 699 and 703) in the same area confirms these results and defines the presence of a colder water mass between 1500 and 2500 m during the Oligocene (Mead et al., in press ). Barrera and Huber (1991) noted that after the earliest Oligocene δ 18 θ shift, benthic foraminifer records at 2000-3000 m water depth from high-latitude sites are offset by ~0.5%c for those of lower latitude Pacific and Atlantic sites, and they suggested that lower latitude waters may have been mixtures of at least two sources. The isotopic data of Site 803 generated in this study, together with published isotopic records from deeper water equatorial Pacific sites, permit us to explore this possibility further and draw inferences regarding the characters of deep waters in this basin.
PALEOCEANOGRAPHIC INFERENCES
Closely located in the central equatorial Pacific, Sites 574 and 77 were at about 3200 and 2700 m water depth, respectively, during the earliest Oligocene, and about 500 m deeper in the late Oligocene (Miller and Thomas, 1985) . In the early Miocene, Site 77 was at about 3800 m water depth (Woodruff and Savin, 1989 ). Oxygen and carbon isotope time series of Cibicidoides from the central equatorial Pacific sites in the Oligocene are very similar in trend and absolute values (see fig. 2 in Miller and Thomas, 1985) , with only slightly higher δ 18 θ in the deeper site. This indicates that water masses in this depth range had comparable chemical characters and histories. Assuming standard subsidence (Detrick et al., 1977) , the Ontong Java Plateau Site 803 was bathed by waters about 800 m higher up in the water column and these apparently had characteristics different from those at Sites 77 and 574 at several times during the Oligocene and in the early part of the Miocene. Although Oligocene to early Miocene δ 13 C values in the Ontong Java Plateau and central Pacific are similar in pattern and magnitude, δ 18 θ values exhibit significant differences (Fig. 5 ). The δ 18 θ values of 0.6‰-0.8‰ at both locations before 36 Ma are followed by a maximum 18 O enrichment to values of about 1.8‰ at Sites 77 and 574 and 2.2‰ at Site 803. Thus, the enrichment is greater by about 0.4%c at the shallower site. Higher values persisted at Site 803 until -34.5 Ma, when they approach those of Site 77 (Fig. 5 ). In the interval from 34 to 28.5 Ma, δ 18 θ values at Sites 77 and 803 overlap, though there are high-amplitude fluctuations suggestive of variable oceanographic conditions, which are also reflected in the δ 13 C data. The trend in this part of the section is of increasing δ 18 θ values and is interrupted at about 28.5 Ma in Site 77 and later at about 26.5 Ma at Site 803. In the early Miocene from about 22 to 20.5 Ma, δ 18 θ values at Site 803 are likewise substantially higher than at Site 77.
The apparent inversion in δ 18 θ gradients in the earliest Oligocene and late Oligocene to early Miocene relative to modern patterns could be explained if waters below 2500 m in the equatorial Pacific were warmer and more saline than waters immediately above. Waters at shallower depths may have been mixed with colder waters from the northern or southern high latitudes, whereas the deeper waters may have been a mixture with lower latitude warm saline waters. Can other explanations be entertained for such patterns? We have no textural evidence that Cibicidoides calcite at Site 803 has been grossly affected by dissolution/reprecipitation processes. Moreover, diagenetic alteration with increasing burial and at higher temperatures than those where the foraminifers grew would tend to shift δ 18 θ compositions in the negative direction, opposite to the observed pattern. The similarity of the isotopic records of Sites 77 and 574 also suggests that Cibicidoides δ 18 θ values at these locations have not been greatly altered by diagenesis.
In the earliest Oligocene, some interesting differences are present in the δ 18 θ patterns from the Pacific sites when compared with those from other locations. The δ 18 θ trend at Site 803 mimics the pattern observed at Site 522 (paleodepth about 3000 m in the Oligocene) ( Fig. 4) , with high values close to 2.2%o at the 18 O enrichment followed by a rapid but progressive depletion of more than 0.4%o. The δ 18 θ compositions at these two sites in this interval are nearly as high as those observed in southern high-latitude sites (i.e., Sites 689 and 744; see fig. 11 in Barrera and Huber, 1991) . In contrast, the sharp δ 18 θ positive shift at Site 77 (as at Site 574) is permanent as it is followed by more or less similar values (Fig. 5 ). Carbonate dissolution present in the boundary transition at both Sites 77 and 574 (Keller, 1983; Saito, 1985) may lead to errors in age assignments that could account for the differences in the Pacific sites. This possibility cannot be ruled out until the transition at Sites 77 and 574 is examined in more detail. Alternatively, the earliest Oligocene δ 18 θ shift may reflect a combination of ice-volume increase and lower temperatures, with colder waters bathing Site 803. Keigwin and Corliss (1986) estimated that increased continental ice accumulation had affected seawater δ 18 θ composition by about 0.4%o based on the δ 18 θ change in tropical shallow-dwelling planktonic foraminifer species from upper Eocene to lower Oligocene sediments and the assumption that tropical surface-water temperatures had remained constant. It is not obvious from the biostratigraphic resolution of their data whether this ice-volume effect applies to either the earliest portion or most of the early Oligocene. No proof also exists that tropical surface waters were not colder in some areas in the early Oligocene. Nevertheless, if their assumptions and esti-mates are correct and the records of the equatorial Pacific are complete, the δ 18 θ patterns at Sites 803 and 77 may represent greater cooling of waters at about 2000 m depth relative to deeper waters, with the shallower water nearly as cold as that at intermediate depths in the high latitudes. By this scenario, Pacific deeper water must have then cooled more than the shallower water just after about 35 Ma, and little of a persistent thermal/salinity gradient existed in the later part of the early Oligocene and into the early part of the late Oligocene. This also implies that high-latitude deep waters cooled significantly after the earliest Oligocene δ 18 θ shift.
In the late Oligocene and early Miocene, the inversion in the δ 18 θ gradient suggests that the deeper waters were warmer and more saline than waters above from about 28 to at least 26 Ma, and about 22 to 20.5 Ma (Fig. 5) . Unfortunately, at the deeper Sites 77 and 574, the record of the latest Oligocene to earliest Miocene is missing, as it is at many other deep-sea sites, because of a hiatus (Keller et al., 1987) . However, comparison of the records of the Pacific sites and South Atlantic Sites 522 and 525 (Shackleton et al., 1984) indicate that deep waters, indeed, warmed considerably during this time interval. Woodruff and Savin (1989) noted that the interval from 20 to 21 Ma was the only time during the Miocene that benthic foraminifers from both shallow and deep waters in the North Pacific had markedly higher δ 18 θ values than those from the South Pacific. It is also evident in their paleoceanographic reconstruction for the same time interval that Cibicidoides from deep waters in the equatorial Pacific were more 18 O depleted than those from depths shallower than about 2700 m, similar to results presented here.
If deep water at the levels of Sites 77 and 803 resulted from the mixing of water masses with different origins, we would expect older waters more distant from their source to have lower 13 C/ 12 C ratios. This is because, as deep water travels away from its source or as it ages, it accumulates CO 2 from the oxidation of 13 C-depleted organic matter (Broecker and Peng, 1982) . However, no apparent vertical δ 13 C gradients are present in the deep waters during the Oligocene (Figs. 4B and 5B) (Barrera and Huber, 1991; Mead et al., in press) , indicating that the difference between the water-mass ages was small. It is also puzzling that, although the high benthic foraminifer δ 18 θ values in the north Pacific at 20-23 Ma (Woodruff and Savin, 1989) above, may suggest that these waters originated in the northern high latitudes, this is not supported by the benthic foraminifer δ 13 C data.
SUMMARY AND CONCLUSIONS
Stratigraphic information from strontium, oxygen, and carbon isotopic ratios has been integrated with nannofossil and planktonic foraminifer datums to refine the Oligocene to early Miocene chemostratigraphy of Site 803. Sr-isotope results are based on analyses of mixed species of planktonic foraminifer and bulk carbonate samples. The 87 Sr/ 86 Sr ratios of bulk carbonate samples are, in most cases, less radiogenic than contemporaneous seawater. Estimated sediment ages based on planktonic foraminifer 87 Sr/ 86 Sr using the Sr-isotopeage relation of Hess et al. (1989) are in moderately good agreement with biostratigraphic ages. Chronological resolution is significantly enhanced with the correlation of oxygen and carbon isotope records to those of the standard Oligocene section tied to the Geomagnetic Polarity Time Scale at Site 522 (Miller et al., 1988) . Ages revised by this method and the published ages of planktonic foraminifer datums (Keller, 1983 ) are used to revise the Oligocene stratigraphy of Site 77 to correlate the Site 77 and 803 stable isotope records.
The ages of two planktonic foraminifer datums are revised. The last appearance of Pseudohastigerina spp. in the equatorial Pacific is older than the age of 34 Ma assigned by Berggren et al. (1985) and younger than the 35.6 Ma. age inferred by Hess et al. (1989) from the Sr-isotope data of Sites 77 and 292. The first appearance of G. kugleri that marks the Oligocene/Miocene boundary is synchronous with its Atlantic occurrence, instead of appearing 1.5 m.y. earlier in the Pacific (Hess et al., 1989) . Estimated ages for Site 77 Oligocene sediments, based on the published planktonic foraminifer 87 Sr/ 86 Sr ratios (Hess et al., 1989) , using the Sr-isotope-age relation of Hess et al. (1989) , are significantly older ages than those estimated from the biostratigraphy or the stable isotope stratigraphy.
Comparison of the Cibicidoides stable isotope records of Sites 77 and 574 with paleodepths below 2500 m in the central equatorial Pacific, and of Site 803 at about 2000-m paleodepth in the Ontong Java Plateau reveals inversions in the vertical δ 18 θ gradient at several times during the Oligocene and early Miocene. The shallower water site had significantly higher δ 18 θ values than the deeper water sites after the earliest Oligocene 18 O enrichment and before 34.5 Ma, in the late Oligocene from 27.5 to at least 25 Ma, and in the early Miocene from about 22.5 to 20.5 Ma. It is not possible to ascertain if the inferred δ 18 θ inversion persisted in the latest Oligocene and into the early Miocene because the deeper sites have hiatuses spanning this interval. We interpret this pattern to reflect that waters at about 2000 m were cold and may have formed from mixing with colder waters originating in the northern or southern high-latitude regions. The deeper water was relatively warmer and may have been a mixture with warm saline waters from mid-or low-latitude regions. No apparent vertical δ 13 C gradient exists during the Oligocene, suggesting that the difference in the ages of these water masses was small.
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